Abstract-In this paper are summarized some of the main contributions to BioImpedance (BI) parameter-based systems for medical, biological and industrial fields, oriented to develop micro laboratory systems. These small systems are enabled by the development of new measurement techniques and systems (labs), based on the impedance as biomarker. The electrical properties of the life mater allow the easy, cheap and usually non-invasive measurement methods to define its status or value, with the possibility to know its time evolution. In this work, it is proposed a review of bio-impedance based methods being employed to develop new Lab-on-a-Chips (LoC) systems, and some open problems identified as main research challenges, such us, the accuracy limits of measurements techniques, the role of the microelectrode-biological impedance modelling in measurements and system portability specifications demanded for many applications.
I. INTRODUCTION
Lab-on-a-Chip (LoC) systems are actually developed as an alternative to acquire biological parameters, mimicking the protocols or alternatively enabling new assays techniques to substitute the weighted and huge classical biolab systems, avoiding the expensive material and human cost required, and reducing the excessive time consumption [1] . The LoC paradigm tries to take benefits from mature technology coming from several fields: biology, medical, chemical, engineering (electrical, mechanical, etc), microelectronics, computer science, etc., to solve a problem of measure in the bio-medical one. The first system input comes from a biosignal transduction occurring in a sensor. Sensors can be classified according to their unique nature; optical, mechanical, acoustic, chemical or electrical. Many optical assays, for example, are being migrated to LoC systems since optical sensors technology is well established in the microelectronic technology and due to the large number of optical assays being carried out on biomedical labs [2, 3, 4, 5] . The present work is focused on electrical transducers, in special, those occupied to detect the electrical properties of the mater, the impedance, Z x , composed by the resistive (R x ) and reactive (C x ) components, to monitor a biomarker of a process.
Today, many research goals are focused on measuring the impedance of biological samples. Several are the major benefits of measuring impedances in medical and biological environment. Main applications identified in the literature are summarized on table 1. For the problem of measuring any given BI Z x , with magnitude Z xo and phase φ, as it is illustrated in Fig. 1 , an ac signal, voltage or current, of ω frequency, is used to excite the sample under test, Z x , and then, the response, current or voltage, is picked-up by a transimpedance amplifier or voltage amplifier. Processing circuits must extract the useful information (Z xo ,φ) from measurement, being in most cases necessary to establish synchronization with the ac excitation circuits to guaranty the accuracy of the technique. Signals coming in and out from the bio-samples travel along the electrodes. In this case, electrodes operate as the transducers converting electronic charge, at circuits, into ionic charge (at biological environment) and vice versa. Due to electrical properties of electrodes, both the excitation and processing circuits will be influenced by electrode frequency response, being require the knowledge of the electrodeelectrical model for the adequate circuit design.
Sample
Applications Ref In general, for impedance measurement process based on electrodes, the first specification to be considered is the electrical model employed for both the electrode and biology systems [35] . This must be considered along with the second: the definition of the algorithm implemented by the measurement technique. This is one of the main drawbacks on excitation circuit design, imposed by the need of using electrodes and its electrical response, frequency dependent, with a wide range of impedances values depending on the working frequency (ranging from several ohms to values in the MΩ range, for very small microelectrodes). Also, applied voltage to electrodes must be amplitude limited to guarantee its correct linear biasing region, generally some tens of mV. It must be said that for impedance measurement, the electrodes are, in many cases, on the path of the ac signal applied, so electrode models will influence eventually the measurement.
A second problem to be solved is the selection of the measurement technique to be employed. In the literature, many methods have been reported [36] . Commonly, most of them require excitation and processing circuits. Excitation is usually done with ac current sources, while processing steps are based on some kind of algorithm useful to decode the sample voltage response to signal excitation, with the objective to determine its two components. Classical approaches consist on coherent demodulation principle [37] or synchronous sampling [38] , leading, in general, to good results. In both, processing circuits must be synchronized with input signals, as a requirement for the technique works well, obtaining the best noise performance when proper filter functions (HP and LP) are incorporated. A general block diagram is illustrated in Fig. 1 . For both algorithms, the signal synchronization is mandatory. These measurement principles work as feed-forward systems: the signal generated on Z x is amplified and then processed. Many of the actual applications for biomedical measurements have the potential to support real time monitoring, supervision and therapeutic role, and its incorporation to a portable or small system, or simply, to be wearable or body implantable [27] . The design of these systems has also the handicap of low-weight, small-size, low power consumption and wireless communication, so a third problem to be solved is how to enable the system portability from point of view of wearability and circuit design capabilities. Micro-electromechanical, micro-fluidic, microelectronic an others micro technologies are being adopted to this end, taking also advantage from the scaling progress in size similar to biological dimensions where the life processes are happening.
In the following, section II reviews some proposals for the electrical model employed for the biological-electrode characterization, and the parameter related with. Section III summarizes the techniques developed for impedance measurement. Section IV introduces the circuit issues related with system portability, lab-on-chip approaches. Section V depicts some application using BI measurements. Finally, Section VI summarizes the work conclusions.
II. BIO-ELECTRODE ELECTRICAL MODELS
Bio-electrodes employed to signal management on impedance acquisition modify the voltage and current involved in test, due to their electrical models. These models can change depending on the kind of sensor: resistive or capacitive, and load involved in the application: saline solution, medium, cells, tissues, etc under test. So, one of the first steps to solve in BI LoC design is to define the electrical electrode model for the application.
The impedance of electrodes in ionic liquids has been researched quite extensively [39, 40, 41, 42] . When a solid (including metals, semiconductors, and insulators) is immersed in an ionic solution, ions in the solution can react with the electrode and the solid ions from the electrode can enter the solution, leading to complex reactions at the interface. An electrified interface or double layer develops at the interface of the two phases. Eventually, electrochemical equilibrium is established at the interface: the current flowing into the electrode is equal but opposite in sign to that flowing out from the electrode. The net result is the development of a charge distribution at the interface with an associated electric potential distribution. The Helmholtz-Gouy-Chapman-Stern model is the commonly accepted model for describing the charge distribution at the electrode interface [43] . The negatively charged electrode attracts hydrated ions with positive charges to the surface but repels negatively charged ions away from the surface, yielding the profiles of cation and anion concentration C+ and C-, respectively. The water dipoles are also reoriented under the electric fields. Some ionic species that are not obstructed by their primary hydration sheath, such as some anions, can make their way to and come into contact with the electrode. The charge distribution extends to the bulk solution thanks to thermal motion, forming an ion cloud-like diffusion layer and a charge spatial distribution. The profile of the diffuse zone depends on the Debye length, which in turn depends on the gas constant, the temperature, the ion charge number and the ion concentration of the bulk solution [12] .
When a sufficiently small sinusoidal current is applied to the electrode at equilibrium, the electrode potential will be modulated by a sinusoidal overpotential [44] . In the range of linear behaviour, the phasor ratio of the output overpotential to the input current defines the ac polarization impedance. During the small current perturbation, charge transfer due to chemical reactions and mass diffusion all occur at the electrode surface. The rate determining step will dictate the electrode polarization impedance.
In the following paragraph, we will first discuss an equivalent circuit representing all the phenomena occurring at the electrode-solution interface and then we will explain each component in the circuit. The electrified interface can be considered as the series connection of two parallel-plate capacitors with the thicknesses of a compact layer and a diffuse layer respectively and with a water dielectric. This is the electrode-solution interfacial capacitance of the electrified double layer. Apart from the double layer capacitance C I , the electrode-solution interface has faradic impedance representing a barrier to current flow between the electrode and the solution, including the finite rate of mass transport and electron transfer at the electrode surface. These phenomena are modelled in the equivalent circuit in Fig. 2 , in which the faradic impedance is in parallel with the double layer capacitance. The current flowing through the electrified interface will encounter a resistance R ct caused by the electron transfer at the electrode surface and Warburg impedance Z W due to limited mass diffusion from the electrode surface to the solution. As a result, the electron transfer resistance R ct is in series with the mass diffusion limited impedance Z W . As the current spreads to the bulk solution, the electrode has a solution conductivity, given by the series resistance, the spreading resistance R S , in the equivalent circuit. Equivalent circuit for electrode solution interface. CI is the double layer capacitance, Faradic impedance includes Zw, the Warburg impedance and Rct, the charge-transfer resistance. Rs is the spreading resistance.
The circuit in Fig. 2 describes, in a general sense, most of electrode performances. In some applications, there are only capacitive path signal between the electrode-sample, so R ct resistance can be rejected. At some others, the model must be matched to the biological sampled being measure, as for example, measuring impedance of tissues [8] , cell cultures [27] , or cell density in suspension 3D [13] , due to particular relationship observed between the electrodes and the biosamples. It is in this field of electrode-biosample modelling, where alternative setups and methodologies suggested by LoC system are being explored actually [1] .
The derivation of exact and confident models is an open task today, in order to increases the degree of knowledge of involved processes from measurement performed [11] , and many works look forward cell signatures as a way to detection [cancer, toxicology responses, stem cells, liver-blood, myocardial cells]. Also, in [13] it is proposed the use of electrical model for cell suspension (3D) assays instead of the model employed by ECIS based on cell attachment (2D) to substrate, as a way to better reproduce at micro labs the real performances of assays in tissues and organs. Several modelling techniques are being used for single cells and monolayers electrical models synthesis. In [15] , a set of three parameters was proposed: R b , barrier resistance between monolayer cells, h, gap distance from cell to attached substrate, and r, proposed cell radius, as a way to solve the electromagnetic field equations at the cell-to-electrode interface, by fitting these parameters to measurements. Another approach employs the finite element simulations, as COMSOL [14, 45] as a way to reproduce the electric conditions at the sensing structure for solving the electromagnetic equations. The knowledge of these models make possible the measure interpretation in terms of cell size, number, tissue impedance and other properties, enabling their incorporation to computer aided design tools for predictions, circuit design help, and reconstruction data [46, 47] .
III. BIO-IMPEDANCE MEASUREMENT TECHNIQUES
Commonly, these techniques require excitation and processing circuits. Excitation is usually done with ac sources: current or voltages, with the objective of measure the response of Z x . To define the technique to be applied, it must be evaluated first the electrode, its electrical performance and influence on the circuits specifications, and second, the algorithm to extract magnitude and phase (or Real and Imaginary components). In [37] processing steps are based on coherent demodulation principle, while synchronous sampling can be also employed [38] , leading to good results. In both, processing circuits must be synchronized with input signals, as a requirement for the technique to work, obtaining the best noise performance when proper filter functions (HP and LP) are incorporated. Block diagrams for it is illustrated in Fig. 1 . The main drawback for in [37] is that the separated channels for in-phase and quadrature components must be matched to avoid large phase errors. Synchronous sampling proposed in [38] avoids two channels and demodulation, by selecting accurate sampling times, and adding a high pass filter in the signal path to prevent low-frequency noise and sampler interferences. These measurement principles work as feedforward systems: the signal generated on Z x is amplified and then processed. Also, in [27, 28] is proposed a simple solution based on a resistance to recover the in-phase reference signal to extract the full impedance components of Z x . Another realization employs the computational power resources of a microprocessor to minimize the analogue part of the signal processing circuits, promoting the Amplitude-to-Time conversion procedure [48] , taking advantage high frequency (300 MHz) clock from μP. Between the feedback sensing techniques (Fig. 3) , it can be found the closed loop [49] and the Oscillation Based (OB) approach [22] . These have the advantage of controlling the voltage applied to electrodes for linear biasing, and the possibility of perform the measurement thanks to the feedback loop control signal. In the OB are eliminated also the external ac excitation source, requiring only a dc power supply.
Two and four electrode or wires are the most commonly set-ups used to acquire BI signals. In two-wire approach [50] , signal path incorporates the electrode response, while in fourwires this influence is cancelled or minimized. In three electrodes realizations, it is incorporated a Reference Electrode (RE), also with the Counting Electrode (CE) for measure and the Working Electrode (WE) for excitation. IV. SYSTEM PORTABILITY ISSUES The reduction of cost, size, and weight; the increasing of the test performance; and the system wearability, are properties being demanded by the new biomedical generation systems. These systems are developed from recent biomedical advances and knowledge to increase the life quality and medical system: the LoC devices. These systems [1, 35] electronics circuits must be designed to optimize power consumption. Pacemakers are examples of the first implanted apparatus in the body with a large history and evolution up today. Together, a power management unit should be incorporated. Low-Voltage specification can be relevant, but usually is considered in second place after LP consumption. 4) Remote sensing and real time monitoring of process and biomarkers can be enabled with wireless or RF communication units. Microelectronics technology makes possible today this option, making possible the reduction of the power consumption of the wireless system. Also, the correct selection of the communication protocols will impact over the power consumption of the LoC. Commercial solutions based on numerous protocols are available.
V. APPLICATIONS Many application fields are being feed by the LoC development. Medical (diagnosis, therapeutic, clinical, research, drug development), Biology (cell-culture: grow, toxicology, cancer, stems cells; PCR, etc) and Industry (food control, bacterial, agriculture), are some examples, and in many cases, there is not a real border between all they. BioImpedance measurement performed with LoC systems are being applied to many areas: biology assays including CellCulture are being performed in [13] , where the 2D cell-culture test principle developed by ECIS [51] is generalized to 3D systems, through the spheroid impedance concept. This responds to the hypothesis that living cells in bodies, tissues and organs are in this 3D environment, not attached to substrate as in classical cell cultures. The analysis is based constant phase models proposed for the microelectrodemedium-cells in the microsystem developed, and is applied to stem cells differentiation and high throughput drug testing assays. A microsystem is reported, without electronics. Similar analysis is performed in [18] by proposing an electrical model of the cell cancer lines in suspension. Bioimpedance electrical parameters search for the microelectrodes-cells applied to HeLa cancer cell line is proposed in [16] . This work try to find a "signature" of this cell lines based on the parameter associated to the electrodecell model, by using a commercial impedance analyser. Cell cytotoxicity is studied at [52] with several electrode sizes, in order to define a breast cancer cell-signature respect to a proposed model. Assays for cell growth, attachment and spreading are reported using ECIS technique.
In classic medical environments, like diagnosis, therapeutic and clinics, it can be found several BI based approaches. A four-wire setup is employed in [30, 53] for ECG and hydration studies in human body using BI, with capacitive electrodes through the textile material and clothes. It is reported the electronics platform proposed. Myocardial ischemic reversibility is studied in [7] , by applying two Iridium electrodes with low polarization effects. The objective is to define how infarcted myocardial cells can be recovered with success after an ischemia happens. Body Skin BI for EIT application in neonatal function monitoring is the challenge in microsystem at [54] . A 1.5 mm 2 full microelectronic system is developed, with synchronous demodulation and multifrequency capability. Cardiac Resynchronization Therapy (CRT) requires accurate heart rate real time monitoring to correctly program the rate of stimulation for pacemaker devices. A fully-integrated system with LP consumption (13 μA), synchronous demodulation and ECG and respiration rate acquisition is reported in [29] . Also, with the help of a defibrillator as instrument, respiratory rate can be rated [33] . In [34] is proposed the measurement of the Pulse Wave Velocity (PWV) of blood in the human body by studying the delay in the blood signal path from heart to wrist. For that, two sensors are required: one ECG at the chest, and other BI at the wrist for blood flow rate measurement. An activeelectrode is being proposed for "in-situ" picking-up the EEG signals to improve the signal quality in EIT brain imaging applications. The in-situ signal acquisition allows the better rejection of noise signal and CMRR reduction effects from electrode and other element mismatching [31] . Models for cortex cranial tissue are being developed to establish the tissue reaction to post-implantation EEG sensors [8] , and also for electrical stimulation devices focused on neural activity rehabilitation. Glucose concentration in blood [23] , body hydration [27] , etc, together with some industrial application focused in food test, like bacterial detection using interdigit sensor presented in [22] and other examples.
Between the non-specific application and those focused on computer aid applications, we can found the followings. A BI emulator it is proposed in [46] with the aims of reproduce biological response in EIT experiments [26] . This represents an alternative to classical direct reconstruction problem or finite element approaches. The μP capabilities are exploited in [48] minimize the specific analogue and digital circuitry required and increases the signal-to-noise ratio (SNR) for BI measurements in EIT. It is implemented an amplitude-to-time converter by direct high frequency sampling based on microprocessor clock rate. Errors in coherent demodulation approach are analysed in [55] , encouraging a mixed sinusoidal-squared trade-offs for excitation and demodulation processes that allows error correction and increases the BI measurement accuracy. Development of an electrical model for spinal cord stimulations is presented in [32] , by extending the linear model of the electrode, to large voltage amplitudes in which the non-linear performance of transfer resistance (R ct ) is dominant. A Liver tissue electrical-model proposal is described in [9] to study the blood-flow in contrast to laser Doppler flow sensors. This hypothesis correlates haematocrit blood cells with the electrical model of the liver tissue.
Important mention is deserved by the so called Point-ofCare (POC) technology. This technology would enable the health systems to achieve a higher level of quality in patient care services. Not to mention the importance of having a whole family of cheap and robust devices capable of diagnosing a great variety of conditions in the underdeveloped countries. The tendency described in this article towards the development of LOC enabled devices could possibly lead to the future technology in healthcare sector of POC systems based on BI measurement.
Finally, continuous monitoring of health variables in a non-invasive, cheap and effective way can lead to a deep transformation in the way healthcare services are applied. Possibility of having not only actual value for blood biochemistry, temperature, blood cell count and heart rate and pressure but the historical data, is to be provided by using this technology and applying the novel concepts of "Wearable" technology and "The Internet of Things" (IoT) [56, 57] .
VI. CONCLUSIONS
The BI parameter, employed as biomarker, for characterization of many medical and biological processes, been review considering various reference points. From electrode point of view, the knowledge of the electrode performance below electrical excitation is mandatory for the success of designed circuits and data interpretation. Each measure situation corresponds to a kind of electrode and responds to characteristic impedance depending from sample being tested, so bio-electrode electrical model knowledge and limits must be defined for each particular case. Measurement techniques based on electronic circuit implementation must consider specifications imposed by electrodes. The recommended choice is the Oscillation Based (OB) approach which lacks necessity for synchronization between excitationresponse signals and empowers the system with higher control on the excitation signal. Circuit design should consider also the low voltage level of many signals involved (SNR) and channel mismatch (CMRR for amplifiers). System portability is today a challenge for biomedical applications. Limitation of signal ranges, reduced weight and size, low power consumption and wireless communication should be rules for driving the LoC system and its corresponding circuit design. Many of the actual realizations are not really portable; trying to identify and correlate the BI measurements with biomedical processes, with the electronic not still incorporated to the system. ACKNOWLEDGMENT This work was supported in part by the Spanish founded Project: TEC 2013-46242-C3-1-P: Integrated Microsystem for Cell Culture Assays, co-finance with FEDER.
